Abstract. The etiology and pathogenesis of bladder cancer (BCa) is complex. MicroRNA (miRNA) has been implicated in BCa. Targeting of signal transducer and activator of transcription 3 (STAT3) by miR-124 to regulate tumorigenesis has been demonstrated in other types of cancer. In the present study, miR-124 levels were downregulated in the BCa T24 cell line and STAT3 was increased in BCa cell lines. Transfection of miR-124 mimics into T24 cells significantly inhibited STAT3 expression. A luciferase assay confirmed that miR-124 directly targeted the STAT3 3'untranslated region to inhibit STAT expression. Knockdown of STAT3 expression led to increased apoptosis of T24 cells and reduced tumor growth in vitro. The results demonstrated the molecular mechanisms and biological functions of the miR-124/STAT3 signal pathway at the cellular level and indicate the potential of miR-124 as a therapeutic target for BCa.
Introduction
Bladder cancer (BCa) is one of the most common genitourinary malignancies worldwide that causes an estimated 150,000 mortalities annually globally (1) . The incidence of BCa is complex and includes genetic and environmental factors (2) . Smoking is an established risk factor (3) . Clinical data indicate that BCa has a high mortality rate, due to its propensity to recur and metastasize, and the absence of symptoms in the early stage of the disease (3) . Therefore, early diagnosis and appropriate treatment is the key to improving survival in patients with BCa (4, 5) . With the lack of effective treatments and monitoring strategies, novel diagnostic markers and effective treatment strategies for BCa are imperative.
MicroRNAs (miRNAs) are small (22 nucleotide long) noncoding RNA molecules that are highly conserved in eukaryotes (6) . Generally, miRNAs identify their target gene by imperfectly base pairing with their 3'untranslated region (UTR) to exert their biological function (7) . In 2007, the expression profiles of miRNA in BCa were examined, and 10 miRNAs were identified as being upregulated (8) . Subsequently, the use of the Solexa sequencing technology identified 33 miRNAs that were upregulated and 41 miRNAs that were downregulated in BCa (9) . These data indicate that the dysregulation of miRNA is markedly associated with BCa tumorigenesis. miR-124 is a miRNA highly expressed in brain tissue that is the most extensively studied miRNA in the nervous system (10) . Previously, miR-124 was identified as a tumor suppressor that downregulates a variety of human tumor types, including gastric, breast and colorectal cancer, and BCa (11) (12) (13) (14) . Furthermore, signal transducer and activator of transcription 3 (STAT3) has been demonstrated to be an miR-124-downregulated target gene in tumors (15) . However, the mechanisms underlying miR-124-mediated inhibition of STAT3 in BCa are unknown.
The present study demonstrated a downregulation of miR-124 in T24 BCa cells that was inversely associated with STAT3 expression. Furthermore, miR-124 inhibited STAT3 expression by directly targeting its 3'UTR. Knockdown of STAT3 significantly promoted apoptosis and suppressed cell cycle progression, migration, proliferation, and colony formation in T24 cells. The collective results suggest that miR-124 may directly inhibit the expression of STAT3 in BCa, and that miR-124 may suppress BCa tumorigenesis by targeting STAT3.
Materials and methods
Cell culture and RNA extraction. Human BCa T24, UM-UC-3, SW780, HT1376, RT4 and J82 cell lines, immortalized human bladder epithelium SV-HUC-1 cells and the 293 cell line were purchased from the American Type Culture Collection (Manassas, VA, USA). The cells were cultured according to the manufacturer's instructions at 37˚C in an atmosphere of 5% 
Reverse transcription quantitative polymerase chain reaction (RT-qPCR) for miR-124 and STAT3.
The expression of miR-124 was quantified using an All-in-one miRNA qPCR kit (GeneCopoeia, Inc., Rockville, USA) and U6 was used as the control. The primers used for the RT-PCR were: miR-124 (forward 5'-GCG GCC GTG TTC ACA GCG GACC-3' and reverse 5'-GTG CAG GGT CCG AGGT-3') and U6 (forward 5'-CGC TTC GGC AGC ACA TAT ACTA-3' and reverse 5'-CGC TTC ACG AAT TTG CGT GTCA-3'). To determine the mRNA expression of STAT3, the total RNA in T24 cells was reverse transcribed into cDNA at 37˚C Transfection. T24 (1x10 5 cells/plate) were plated in 6-well plates at 37˚C overnight and transfected with miR-124 mimics or NC mimics (20 nM; GeneCopoeia, Inc.) using Lipofectamine ® 2000. The miR-124 mimic sequence used was: Forward, 5'-GCT CTA GAG GCC TCT CTC TCC GTG TTC CAC AGC GGA CCT TGA TTT AAA TGT CCA TAC AAT TAA GGC ACG CGG TTG AAT GCC AAG AAT GGG GCTG-3' and reverse, 5'-CGG GAT CCC AGC CCC ATT CTT GGC ATT CAC CGC GTG CCT TAA TTG TAT GGA CAT TTA AAT CAA GGT CCG CTG TGA ACA CGG AGA GAG AGG CCT-3'. Following transfection for 6 h at 25˚C, the Opti-MEM medium (Gibco; Thermo Fisher Scientific, Inc.) without serum was changed with the fresh medium. Then cells were assayed by RT-qPCR and western blot analysis for each group according to the aforementioned protocols following culture for 48 h.
Construction of plasmids. Small interfering RNA Target
Finder online design software (Ambion; Thermo Fisher Scientific, Inc.) was used to select a segment (5'-AAG AGT CAA GGA GAC ATG CAA-3', 670-690 bp) in the coding region of STAT3 (GenBank serial no. NM139276) as a target sequence. Then, the corresponding DNA template strands containing restriction sites for HindIII and BamH I were designed for the target sequences. The template strand sequences were as follows: Sense, 5'-GAT CCG AGT CAA GGA GAC CAT GCA ATT CAA GAG ATT GCA TGT CTC CTT GAC TCT TTT TTGG-3'; and anti-sense, 5'-AGC TTT TCC AAA AAA GAG TCA AGG AGA CAT GCA ATC TCT TGA ATT GCA TGT CTC CTT GAC TCG-3'. The shRNA sequences were obtained by PCR amplification, and vector plasmid pGEN-ESIL (Wuhan Genesil Biotechnology Co., Ltd., Wuhan, China) were digested and connected by HindIII and BamH I enzymes (Thermo Fisher Scientific, Inc.). The recombinant plasmid (pGENESIL-shRNA-STAT3) was amplified and infected (0.8 µg plasmid, at 25˚C for 20 min) into the T24 cells. After 6 weeks of G418 (800 µg/ml; Invitrogen; Thermo Fisher Scientific, Inc.) selection, stably-transfected cells (STAT3-shRNA) were used for subsequent experiments.
Cell cycle and apoptosis analysis by flow cytometry. The adherent cells were digested at 37˚C with 0.25% trypsin (Bioswamp; Wuhan Myhalic Biotechnological Co., Ltd., Wuhan, China) and centrifuged at 1,000 x g at 25˚C for 5 min. For the colony formation assay, cells were plated at a density of 200 cells/well in standard culture conditions (5% CO 2 and 37˚C) for 14 days. The colonies were fixed with 5 ml 4% absolute methanol for 15 min at 25˚C, stained at 37˚C with 0.1% crystal violet for 20 min and washed three times. Then a light microscope (TS-100F; Nikon, Tokyo, Japan) was used to visualize the results at a magnification of x40.
Wound healing assay. T24 cells were seeded (1x10 6 cells/plate) in a 6-well plate. Wounding of the confluent cell growth was performed by scratching with a 10 µl pipette tip 24 h after cell plating. The cells were then cultured for 24 h and wound closure was detected by inverted microscopy (magnification, x200; Olympus, Tokyo, Japan). The experiment was repeated three times.
Statistical analysis. Statistical analysis was conducted using SPSS 17.0 software (SPSS, Inc., Chicago, IL, USA). Unpaired Student's t-tests were used to analyze the results. Pearson's linear correlation analysis was used to analyze the association between the expression of STAT3 and miR-124. All experiments were performed in triplicate and the data are expressed as mean ± standard deviation. P<0.05 was considered to indicate a statistically significant difference.
Results

miR-124 and STAT3 are inversely expressed in BCa cell lines.
To evaluate the function of STAT3 in human BCa, the expression of STAT3 was detected in 6 human BCa cell lines (T24, UM-UC-3, SW780, HT1376, RT4 and J82) and immortalized human bladder epithelium SV-HUC-1 cells. STAT3 was overexpressed as an oncogene in the BCa cell lines compared with SV-HUC-1 cells. The expression of STAT3 was highest in T24 cells (Fig. 1A) . The association between miR-124 and STAT3 in the BCa cell lines was additionally evaluated by RT-qPCR. Notably, there was a significant inverse correlation between miR-124 and STAT3 (Fig. 1B) . From these results, it was hypothesized that miR-124 is a potent miRNA regulator of STAT3 expression. T24 cells, which overexpressed STAT3 and exhibited low expression of miR-124, were selected for subsequent experiments.
miR-124 directly targets STAT3 3'UTR.
The effects of the transfection of miR-124 mimics on STAT3 mRNA and protein expression levels were determined by RT-qPCR and western blot analysis. There was an ~80% decrease in STAT3 mRNA expression and a 60% decrease in STAT3 protein expression in T24 cells transfected with miR-124 mimics ( Fig. 1C and D) . This suggested that STAT3 may be downregulated by miR-124. Post-transcriptional regulation by miRNAs involves binding to the 3'UTR of the relevant downstream genes (17) . To additionally define the association of miR-124 with STAT3, Target Scan 6.2 bioinformatics prediction software (http://www.targetscan.org/) was used to predict their binding sites. The results revealed that the miR-124 seed-matching sequence in STAT3 3'UTR was 'CACGGAA' (Fig. 1E) . Luciferase reporter assays demonstrated that the presence of miR-124 resulted in a marked decrease in luciferase activity when the STAT3 plasmid containing wild type 3'UTR was present, while luciferase activity did not change significantly when the mutant 3'UTR was present (Fig. 1F) . These data suggested that miR-124 may target STAT3 transcription, potentially contributing to the downregulation of STAT3 expression.
Knockdown of STAT3 inhibits cell cycle progression, proliferation and colony formation of T24 BCa cells in vitro.
To additionally investigate the role of miR-124/STAT3 signaling pathway in BCa, a stable cell line with low STAT3 expression (STAT3-shRNA-T24) and a control cell line (shRNA-control-T24) were constructed ( Fig. 2A) . The result demonstrated that STAT3 mRNA and protein levels in the STAT3-shRNA-T24 were significantly inhibited ( Fig. 2B and C) . Flow cytometry was conducted to confirm that the knockdown of STAT3 suppressed the growth of T24 BCa cells. A significant increase in numbers of cells in the G1 phase was observed in STAT3-shRNA-T24 cells compared with that in shRNA-control-T24 cells. This increase in G0/G1 cell population was accompanied with a concomitant decrease in cell numbers in S and G2-M phases in the STAT3-shRNA-T24 cells (Fig. 3A) . A WST-1 assay was then performed to investigate whether STAT3 exhibited a biological function in the proliferation of T24 cells. A significant inhibition in STAT3-shRNA-T24 was evident (Fig. 3B) . Consistent with the result from the WST-1 assay, the colony formation assay revealed markedly fewer and smaller STAT3-shRNA-T24 colonies compared with the shRNA-control-T24 cell line (Fig. 3C) .
Knockdown of STAT3 promotes apoptosis and suppresses cell migration and STAT3 downstream target genes of T24 BCa cells in vitro.
To investigate the effect of STAT3 on the migration of T24 BCa cells, the capacity of STAT3-shRNA-T24 cells to migrate was measured using a wound healing assay. STAT3-shRNA-T24 cells exhibited slower rates of wound closure and decreased numbers of stained cells in the wound healing assay compared with the shRNA-control-T24 cells (Fig. 4A) . Furthermore, a marked induction of apoptosis was confirmed in STAT3-shRNA-T24 cells (Fig. 4B) . The results demonstrated that the silencing of STAT3 significantly suppressed the migratory capability and induced apoptosis of T24 cells. Finally, the downstream target genes of STAT3 following the knockdown of STAT3 were examined using western blot analysis (Fig. 4C) . Notably, cyclin D1, cMyc, Bcl-2, Bcl-xl, Mcl-1 and VEGFR were decreased in the STAT3-shRNA-T24 cells. Taken together, these results demonstrate that STAT3 knockdown repressed cell proliferation, migration, invasion and vasculogenic mimicry, indicating the oncogenic role of STAT3 in BCa.
Discussion
miRNA has been studied intensively since it was suggest to be associated with cancer in 2002 (18) . In previous years, a number of miRNAs, including miR-124, have also been identified to be dysregulated in BCa (19) . miR-124 inhibits the expression of its downstream target genes, which include ubiquitin like with PHD and ring finger domains 1, cyclin dependent kinase 4 and Rho-associated protein kinase, to suppress BCa tumorigenesis by competitive binding to their 3'UTRs (20) (21) (22) . The STAT3 oncogene has been demonstrated as a downstream target gene of miR-124 in other types of cancer (23) . In the present study, a significant downregulation of miR-124 was evident in BCa cell lines. The results are consistent with the majority of other similar studies. Next, STAT3 expression was detected in BCa cell lines, and it was determined that it was negatively correlated with miR-124. The ectopic overexpression of miR-124 inhibited STAT3 expression. In addition, miR-124 directly bound to the 3'UTR of STAT3. These data suggest a targeted association between STAT3 and miR-124 in BCa. STAT3 is a recognized oncogene that belongs to the STAT family. In tumors, it is generally always stimulated by a variety of extracellular signals that include growth factors and cytokines (24) (25) (26) . Its aberrant activation causes abnormal cell proliferation and malignant transformation (27) . Previous studies (28, 29) have indicated that increased STAT3 activity is closely associated with BCa tumor growth and survival (30) . The use of small interfering RNA technology in the present study revealed that the knockdown of STAT3 expression in T24 BCa cells substantially inhibited tumor cell cycle progression, migration, proliferation, colony formation and in vitro invasiveness. This is consistent with one previous study (28) . The STAT3 protein ranges between 750 and 795 amino acids in length and contains 6 functional domains: The amino-terminal domain (SH2), coiled-coil domain, DNA binding domain, linker domain, SH2 domain and transactivation domain (31) . Under the effects of external stimuli, STAT3 is activated by tyrosine phosphorylation. The activated STAT3 monomer forms a homodimer with the tyrosine phosphorylated SH2 domain of STAT3 (32) . The homodimer translocates into the nucleus and binds to the specific DNA response element to regulate the transcriptional activity of downstream target genes involved in the regulation of cell cycle, proliferation and apoptosis (33) (34) (35) . In human cancer, 7 downstream target genes of STAT3 have been identified: Cell cycle-associated genes (cyclin D1, cMyc); apoptosis-associated genes (Bcl-2, Bcl-xl and Mcl-1) and an angiogenesis-associated gene (VEGFR). The present study demonstrated that knockdown of STAT3 expression significantly suppressed the protein expression of these genes. These observations suggest that STAT3 is a key regulatory factor regulated by miR-124 in BCa, and that targeting the inhibition of its signaling pathway will effectively suppress tumorigenesis through a number of mechanisms.
In conclusion, the data of the present study indicate a novel role of the miR-124/STAT3 signaling pathway in BCa and demonstrate the potential to use miR-124 or STAT3 as a diagnostic marker or therapeutic tool for human BCa. However, there were several limitations in the present study. The study was validated in only one bladder cancer cell line¸ T24, therefore the results of this study suggest that this may be cell-type specific. Therefore, the association between miR-124 and STAT3 in vitro requires additional exploration.
